Abstract-An array antenna for the VHF band, which has several ports on a defogger, is proposed. In addition, the concept of a reactively steered adaptive array is introduced to form an adaptive beam pattern. The resistivity of a heating wire does not degrade the receiving performance significantly. The cost of the adaptive array consisting of a single receiver is low, and this array does not impact the industrial design. Its performance is evaluated by numerical simulation and experiments over a bandwidth of FM radio.
I. INTRODUCTION

I
N mobile communication on land, fading and interference impact the quality of the communication. The use of an adaptive array is the most useful solution to this problem [1] . The conventional adaptive array consists of several elements. Each element is connected to a receiver to form an adaptive pattern on the baseband. This has disadvantages in terms of cost and power consumption, because several receivers are needed.
A reactively steered adaptive array (RSAA) is an adaptive array with a single receiver [2] - [4] . In addition, switched parasitic element (SPE) technologies that can steer a beam have been proposed [5] - [9] . These are array antennas consisting of several radiating elements such as a dipole or patch. These antennas have serious drawbacks. First, the structure is bulky because of the use of mutual coupling between elements in the array antenna; this restricts its implementation. Second, it is impossible to form an adaptive pattern in mobile communication environments because of a large amount of calculation that results from the use of a blind algorithm for adaptive beamforming. Moreover, the bandwidth has not been examined in detail.
We examine an adaptive array for the VHF band, installed on a vehicle to receive digital radio. RSAA and SPE offer some advantages; however, they cannot be installed on a vehicle because of their large size. The volume of a circular array with a radius of 0.2 and a monopole is 1.5 (radius: 0.72 m and height: 0.9 m). A similar problem will be encountered when this type of array is installed on a mobile terminal. We cannot use this array for commercial products until the size problem is solved. The use of a rear defogger for the FM and AM antenna has been examined [10] . We proposed using a defogger as an array antenna by placing several ports on it. Then, we used the RSAA concept to form an adaptive pattern [11] - [13] . In addition, we used the simplex method to achieve robust beamforming with rapid convergence [14] .
In this paper, we present the design of a shared-aperture antenna using a defogger. Then, we introduce the RSAA concept for an adaptive array with a single channel. We confirm through numerical simulation and experiments that the proposed antenna operates over a wide bandwidth, and the resistivity of a heating wire does not have a serious impact on the antenna performance.
II. SHARED APERTURE BASED ON A REAR DEFOGGER
A. Modeling
We use a 1:10 scale model for both the experiments and numerical simulation. In Japan, the FM radio frequency ranges from 76 to 90 MHz. Therefore, the frequency for the scale model is set to 760-900 MHz. We examine the model by installing it on a vehicle, since the antenna pattern depends on the vehicular body. Fig. 1 shows the defogger installed on a vehicle. As shown in Fig. 1(a) and (b), 17 heating wires (width: 0.5 mm and thickness: 40 ) are pasted in parallel on the glass (thickness: 1 mm and permittivity: 7) at intervals of 2.5 mm (1.25 mm at the two ends). To increase the coupling between ports (CBP) and to decrease the spatial cross-correlation (SCC), two vertical wires are added. CBP is defined as (1) where is the coupling coefficient between the th and th elements. SCC is calculated by using (2) , shown at bottom of the following page, where and denote the complex directivity of Antennas 1 and 2, respectively, while and denote the complex conjugate directivity of antenna 1 and 2, respectively.
We place four ports on the outer heating wire or the power bus and operate it as an array antenna with four elements. Mounting it on a metal body as shown in Fig. 1(a) , we evaluate the performance on the basis of the voltage standing wave ratio (VSWR), CBP, and SCC. For an array that operates in a mobile communication environment, VSWR and SCC should be low over the bandwidth [15] . Moreover, CBP should be large for an RSAA. 
B. Setting Ports
We evaluated the parameters VSWR, CBP, and SCC by using an IE3D electromagnetic simulator. We examined more than 100 possible port positions. In this paper, we show four possible port positions that have almost the same VSWR and CBP to emphasize that SCC is the most important parameter. The port positions are shown in Fig. 2 and the port combinations for a four-element array antenna are listed in Table I . We call the n-th combination as "Antenna n" ( , 2, 3, 4). For Antennas 1-4, the mean value and variance of VSWR, CBP, and SCC are shown in Figs. 3 and 4, respectively. To cal- culate the mean value and variance of VSWR, the VSWR values of all the ports were determined at 760, 830, and 900 MHz. The CBP and SCC values for all the combinations of the coupled ports were determined for 760, 830, and 900 MHz. Antenna 1 is not superior in terms of VSWR and CBP, but its SCC is lower than that of Antennas 2-4.
C. Effect of the Vertical Wires
We consider the effects of two vertical wires. We have calculated VSWR, CBP, and SCC for the two cases shown in Fig. 5 (a) and (b). Table II lists the results at . With two wires, the coupling increases and the correlation reduces.
D. Degradation Due to the Resistivity of the Wire
Since the heating wire is made of a resistive material, it is necessary to confirm the influence of the resistivity on the performance. First, we estimated the resistivity on the basis of the power consumption of the defogger. The power consumption of a conventional defogger is about 200 W. The power consumption for one wire (length about 1 m) is therefore 12 W since the defogger consists of 17 wires. Given the voltage used by the vehicle (12 V), the resistance is 12 . The cross section has a width of 1 mm and a thickness of 40
. Therefore, the area is . The resistivity is . In this paper, we consider a 1:10 scale model with a width of 0.5 mm, as shown in Fig. 1(b) . Thus, we should use a resistivity (2) Fig. 7 shows the concept of the proposed adaptive antenna. One port out of the four ports is used for the output, while the others are connected to a variable reactance. We used an orthogonal frequency-division multiplexing (OFDM) signal as the incident signal because of the future FM radio applications.
III. ADAPTIVE BEAMFORMING
A. Principles of Adaptive Beamforming
A delayed signal may occur by multipath propagation in the FM frequency range. In OFDM, in order to reduce the degradation of the receiving quality caused by delayed signals, a head guard interval (HGI) is placed at the head of a symbol that is identical to the tail of a symbol (TGI). The correlation coefficient between the HGI and TGI should be 1 because the HGI is a copy of the TGI. A large delayed signal beyond the HGI may occur by multipath propagation in the FM frequency range. We assume that the main signal and delayed signal are simultaneously incident on the receiver, as shown in Fig. 8 . They are superposed in the receiver (Received signal in Fig. 8) . If the receiver is synchronized with the main signal, the correlation coefficient is less than 1, because the HGI is polluted by the previous symbol of the delayed signal, while the TGI is not polluted (the same symbol data is added). If the delay is beyond HGI, the data will be polluted. In this case, communication quality will degrade since the data is polluted. We can form an adaptive pattern to cancel the delayed signal by controlling three variable reactors. If the correlation coefficient between the HGI and TGI of the received signal becomes large, the delayed signal has to be cancelled. We used the simplex method in which the correlation was the objective function.
B. Formulation
The output of the proposed antenna y(t) can be written as (3) where is a current vector with the component appearing on the m-th port. can be calculated by the same procedure adopted in [3] and [4] ( 4) where is the identity matrix and is the admittance matrix between the ports. is the diagonal matrix in which the elements are the load values ( , 2, 3) for the ports (5) is the first column of . 
C. Beamforming by Simplex Method
After calculating y(t), we calculate the correlation coefficient between the HGI and TGI sections. (8) where y(n) denotes the sampled signal of y(t), and m denotes the sampled time interval between the HGI and TGI. After detecting the head of the HGI by a sliding correlation operation, we calculate the coefficient. The loading reactance matrix X is selected by the simplex method to maximize [16] .
The operation of the simplex method is described in Fig. 9 . The three-dimensional coordinates of the simplex correspond to a set of load values.
First, four sets of that form a simplex are randomly selected. The four values of are then calculated. A minus sign is added to each coefficient. The vertex for which is the largest provides the worst combination of . It is expected that a point reflected in the plane that includes the other three vertices (see Fig. 9(a) ) will provide a good coefficient, because the reflected point is located opposite the worst point. If the coefficient of the reflected point is larger than those of the other three vertices, the point is further expanded in the direction of reflection, as shown in Fig. 9(b) , to find a better combination of the loads. Otherwise, the reflected point is contracted as shown in Fig. 9(c) .
As shown in Fig. 9(b) , if the expanded point provides a better coefficient than those of the previous points, the simplex is updated as shown in Fig. 9(b) . Otherwise, it is updated as shown in Fig. 9(a) .
As shown in Fig. 9(c) , if the contracted point provides a worse coefficient than those of the previous points, the simplex is contracted as shown in Fig. 9(d) . Otherwise, it is updated as shown in Fig. 9(c) .
By iterating the above sequences, we can find the set that maximizes the coefficient.
IV. SIMULATION
In the numerical simulation, we assume that two OFDM signals (main and delayed) with the same amplitude are incident from random directions in the horizontal plane (0-360 ). The direction of arrival in the vertical plane is set to 0.48 on the basis of measurements in the FM frequency range [20] . Further, the horizontal polarized wave that is used in Japan is used. We calculated the complimentary cumulative distribution function (CCDF) of the signal to interference plus noise ratio (SINR) for 100 combinations of incident waves. The scenario is the same as those in [18] - [20] in which a simple adaptive antenna having three elements for FM multiplex broadcast has been proposed, and the performance has been evaluated by performing a numerical simulation and field test. The delayed signal is delayed by two times of the HGI when compared with the main signal. The iteration number is limited to 100 iterations. 
A. Selection of the Output Port
It is necessary to choose an output port from the four ports. Fig. 10 shows the CCDFs for Antenna 1 when different ports are selected for the output. Here, the material of the defogger is copper, and the frequency is 830 MHz. Port 1 has the best performance. We calculated the CCDFs in the same manner for Antennas 2-4. Ports 2, 2, and 4 have the best performance for Antennas 2, 3, and 4, respectively. The CCDFs are shown in Fig. 11 . Antennas 2, 3, and 4, whose SCCs are higher than that for Antenna 1, do not have a good performance.
B. Effects of the Resistivity
We calculated the CCDF, taking into account the resistivity of the defogger, with port 1 as the output port and at a frequency of 830 MHz. For comparison, we also studied the case of copper. The results are shown in Fig. 12 . Because of the resistivity, the CCDF curve degrades slightly.
C. Frequency Characteristics
We calculated the CCDFs, taking into account the resistivity of the defogger, with port 1 as the output port and at the frequencies of 760, 830, and 900 MHz. For comparison, the CCDF of monopole on the roof was also calculated. In order to receive a horizontal polarized wave, the monopole is inclined by 30 , as shown in Fig. 13 . The horizontal radiation patterns for the proposed antenna and monopole are shown in Fig. 14 . The vertical cut plane has an inclination of 0.48 . The proposed antenna has a different beam pattern for each port. The horizontal plane over 360 is covered by four beam patterns. In addition, the average gain for the proposed antennas is higher than that for the inclined monopole. The CCDF results are shown in Fig. 15 . The performance of the proposed antenna improves dramatically in the range 760-900 MHz when compared to that of the monopole. The results are almost the same as those in [18] - [20] . The proposed antenna is to be operated in the FM frequency range. 
V. EXPERIMENTS
A. Manufacture and Experimental Setup
We manufactured the proposed antenna on a 1:10 scale and installed it on a vehicular model. We then evaluated the antenna in an anechoic chamber. Fig. 16 shows the photographs. To simplify the process, the antenna was fabricated on a substrate (permittivity: 10.2 and thickness: 0.8 mm). It was confirmed by a numerical simulation that the change from glass to substrate had little influence on the parameters (VSWR, CBP, and SCC). Fig. 17 shows the port connection and variable reactance circuit in detail. The inner conductor RG174 is soldered to the position of the port on the defogger, while the outer conductor is in contact with the body. The variable reactance circuit consists of a varactor (Philips; BB184), a capacitor (10 pF), and two inductors ( and ) . To reduce the resistive loss, the inductor is made of a wire instead of surface-mounting parts. Fig. 18 shows the measured relation between the voltage and impedance. Fig. 19 shows a schematic diagram and Table III lists the conditions for the experiment. The main and delayed baseband OFDM signals using 16 QAM are generated by a DSP (Texas   TABLE III  EXPERIMENTAL CONDITIONS Instruments; DSK6713). The symbol length is 0.64 ms. The delayed signal is delayed by 32 bits (two times of guard interval) to prevent a flat-fading condition. The baseband signals are modulated by signal generators (Agilent; E4421B). In order to obtain a multipath propagation environment, two signal generators are synchronized. The transmitting powers of the main and delayed signals are the same, and they are adjusted so that the receiver does not get saturated. The modulated signals are fed to patch antennas. The received signal is transformed to a baseband signal and digitized by a single heterodyne receiver. It is then demodulated by the DSP. The adaptive beam is formed by setting appropriate voltage to the variable reactance circuit using the beamforming algorithm described previously.
B. Results
We formed several adaptive patterns by changing the separation angle of the transmitting antennas. After the adaptive beamforming, we measured the VSWR of the output port, BER (bit error rate), and radiation patterns. We calculated SINR on the basis of the radiation patterns as (9) where , , and are the receiving powers of the main, delayed, and noise signals, respectively. The relative receiving power corresponding to the set DOA (direction of arrival) of the main and delayed signals ( and ) can be determined on the basis of the measured adaptive radiation pattern. In order to determine , the radiation pattern was measured when the transmitting power was off. The average value of the pattern was then calculated as . We also measured the convergence time and iteration number. These results are listed in Table IV . The VSWR of the output is less than 1.7 over the bandwidth. The convergence time is less than 50 ms. The iteration number is less than 70. For all separations, BER and SINR are improved. As expected, a narrow separation between two incident waves may result in a low SINR and long convergence time. Some examples of the radiation patterns are shown in Fig. 20 . The DOA of the main signal is 0 and that of the delayed signal is 180 . It can be observed that the main beam directs to the main signal, and the null directs to the delayed signal. From the experiments, we can confirm that the proposed antenna has adaptive beamforming capability over the bandwidth.
VI. CONCLUSION
The vehicular defogger with the addition of several ports can be used as an array antenna for the VHF band. Moreover, is capable of forming an adaptive beam pattern over the FM radio band by using the RSAA concept. The resistivity of the heating wire does not degrade the performance significantly. The proposed single-channel adaptive array is inexpensive and does not impact the industrial design.
